Systemic lupus erythematosus (SLE) and mixed connective tissue disease (MCTD) are autoimmune illnesses characterized by the presence of high titers of autoantibodies directed against a wide range of 'self ' antigens. Proteins of the U1 small nuclear ribonucleoprotein particle (U1 snRNP) are among the most immunogenic molecules in patients with SLE and MCTD. The recent release of a crystallized U1 snRNP provides a unique opportunity to evaluate the effects of tertiary and quaternary structures on autoantigenicity within the U1 snRNP. In the present study, an epitope map was created using the U1 snRNP crystal structure. A total of 15 peptides were tested in a cohort of 68 patients with SLE, 29 with MCTD and 26 healthy individuals and mapped onto the U1 snRNP structure. Antigenic sites were detected in a variety of structures and appear to include RNA binding domains, but mostly exclude regions necessary for protein-protein interactions. These data suggest that while some autoantibodies may target U1 snRNP proteins as monomers or apoptosis-induced, protease-digested fragments, others may recognize epitopes on assembled protein subcomplexes of the U1 snRNP. Although nearly all of the peptides are strong predictors of autoimmune illness, none were successful at distinguishing between SLE and MCTD. The antigenicity of some peptides significantly correlated with several clinical symptoms. This investigation implicitly highlights the complexities of autoimmune epitopes, and autoimmune illnesses in general, and demonstrates the variability of antigens in patient populations, all of which contribute to difficult clinical diagnoses. Lupus (2011) 20, 274-289.
Introduction
A prominent feature of systemic autoimmune diseases, such as systemic lupus erythematosus (SLE) and mixed connective tissue disease (MCTD), is the presence of high titers of serum antibodies targeting diverse nuclear autoantigens, including components of the U1 small nuclear ribonucleoprotein particle (snRNP). [1] [2] [3] The U1 snRNP comprises the U1 small nuclear RNA, onto which 10 proteins bind (U1A, U1C, U1-70K, SmB/B', SmD1, SmD2, SmD3, SmE, SmF and SmG). 4 Typically, autoantibodies directed against U1A, U1C and U1-70K proteins of the U1 snRNP and the U1 snRNA itself are mainly associated with MCTD, whereas autoantibodies directed against the Sm complex (SmD1, SmD2, SmD3, SmE, SmF and SmG) are more frequently seen in patients suffering from SLE; 5 however, there is often a significant overlap between the autoantibodies produced in patients with SLE and MCTD. 6, 7 Given the substantial similarities of clinical symptoms, proper diagnoses of SLE and MCTD can often be challenging.
There is considerable evidence that increased apoptosis, coupled with impaired clearing of dead cell constituents, may contribute to the onset of the rheumatic autoimmune disorders. [8] [9] [10] The release of nuclear components following apoptosisinduced cell lysis can cause antibodies to come into contact with molecules that would otherwise be protected by the cytoplasmic membrane and the nuclear envelope. In addition, apoptosis-associated, proteolytic digestion and other modifications to 'self ' molecules can generate novel epitopes to which the antibody repertoire can identify and respond. For example, the SmF protein has been shown to undergo apoptosis-linked, proteolytic digestion, 11 and cleavage of U1-70K by apoptotic proteases causes a stronger autoimmune reaction than native U1-70K in patients with MCTD. 12, 13 The present study was designed to examine the complexities of autoimmune responses against the U1 snRNP in SLE and MCTD patients. To this end, 15 synthetic octa-peptides from all the proteins of the U1 snRNP were tested in a cohort of sera from patients with SLE or MCTD, in addition to healthy individuals. The study reveals striking variability in antigenicity among patients within a single disease and even in the same individual at different times. Furthermore, given the considerable overlap in reactivity between SLE and MCTD patients, none of the peptides were able to significantly distinguish between the two illnesses. Interestingly, an epitope map using the crystal structure of the U1 snRNP illustrates the extensive diversity in both the position and conformation of U1 snRNP epitopes. Moreover, this study suggests that characteristics other than antibody accessibility may play a role in antigenicity, which supports the hypothesis that autoantibodies directed against the U1 snRNP are recognizing potentially novel epitopes subsequent to protease degradation, phosphorylation or other modifications.
Materials and methods

Characterization of patient samples
A total of 156 serum samples from patients diagnosed with SLE (82 samples from 68 individuals), MCTD (42 samples from 29 patients) and healthy individuals (32 samples from 26 persons) were obtained from whole blood collected at time of recruitment and follow-up visits (when applicable) as previously described. 14 Patient sample characterization included complete blood count, routine blood chemistry and serological testing for the presence of anti-nuclear antibodies (ANA), anti-cardiolipin antibodies (ACA), and reactivity against double-stranded-DNA (dsDNA), U1 ribonucleoprotein complex (RNP), Smith antigen (Sm), SSA/Ro, SSB/La and Scl-70 (Table 1 and Supplementary file 1) as previously described. 14 Commercial laboratory tests were run by Quest Diagnostics Incorporated. All methods were performed according to the Florida International University and the University of Miami Institutional Review Board (IRB) accepted protocols (IRB numbers: 040308-00 for the former and 20030724 and 20040286 for the latter).
Preparation of the U1-70K antigen and anti-U1-70K enzyme-linked immunosorbent assays A peptide spanning amino acids 63-205 of U1-70K and encompassing the RNA-binding domain of the protein was expressed in Escherichia coli from the pMAL-c2G plasmid (New England Biolabs, Ipswich, MA, USA) as a maltose-binding protein (MBP) fusion protein and affinity purified over amylose columns as previously described. 13 The identity and purity of the product was confirmed by immunoblotting using standard anti-U1-70K sera (data not shown). Enzyme-linked immunosorbent assays (ELISAs) were performed in duplicates, and standard positive and negative control sera were included on each plate. 13 Briefly, 96-well, flat-bottom microtiter plates (Corning Incorporated, Lowell, MA, USA) were incubated overnight at 4 C with purified antigen in phosphate buffered saline (PBS). After washing with PBS-0.05% Tween-20 (PBS-T) buffer, plates were 
Immunoblot assays
Immunoblots were performed following standard procedures. 13 Briefly, TIB-153 cells grown in RPMI-1640 supplemented with 10% fetal bovine serum, 4 mM L-glutamine, 20 U/ml penicillin and 20 mg/ml streptomycin were washed with PBS and lysed in NP-40 lysis buffer containing 1 mg/ml pepstatin A, 2 mg/ml antipain, 2 mg/ml chymostatin, 2.5 mg/ml leupeptin, and 1 mM Pefabloc SC (1 Â 10 8 cells per 1 ml lysis buffer). The total protein concentration in the cell lysates was estimated using the DC Protein Assay Kit (Bio-Rad) and 37.5 mg of total protein was loaded per well. Proteins were separated by 10% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose membranes. Membranes were blocked with 3% BSA, incubated in the presence of 1:10,000 dilutions of test and control antisera, incubated with HRPlinked Fc region-specific goat anti-human IgG secondary Ab (Southern Biotech, Birmingham, AL, USA) and visualized with chemiluminescence (Pierce, Rockford, IL, USA) ( Figure 1 ). The number of positive samples, as determined by the commercial ELISAs, the non-commercial ELISAs and immunoblots (U1-70K, U1A, SmB and SmD) ( (pre-dissolved in 0.05% BSA/PBS at a 1:100 dilution) were linked to maxisorp flat bottom 96-well ELISA plates (Nunc, Rochester, NY, USA) overnight at 4 C. Plates were washed two times each with 200 ml of PBS-T prior to blocking for 2 h at room temperature with 10 mg/ml BSA in PBS. Subsequently, the wells were incubated with a final concentration of 0.2 mg/ml horseradish peroxidase conjugated anti-human IgG secondary antibody (Southern Biotech, Birmingham, AL, USA) in PBS-T for 1 h at room temperature. Wells were washed four times as previously mentioned and exposed to OPD substrate for 30 min at room temperature. Reactions were stopped by addition of 3M HCl and absorbances were read at 490 nm on an ELx808 Absorbance Ultra Microplate Reader (Supplementary file 3). All assays were performed in triplicate. Serum and conjugate controls were included in this assay.
Peptide selection and synthesis
Amino acid sequences from the human U1 snRNP proteins U1A, U1-70K, U1C, SmB, SmD1, SmD2, SmD3, SmE, SmF and SmG were downloaded from the National Center for Biotechnology Information Protein Database and input into the B-cell Epitope Prediction (BepiPred) 1.0 Server (http://www.cbs.dtu.dk/services/BepiPred/). 15 Using BepiPred 1.0, a total of 15 peptides were selected to cover all U1 snRNP proteins and a wide range of predicted antigenicities (arbitrarily labeled 1-15) ( Table 2 ). Two additional peptides (16 and 17; Table 2 ), selected at random, were also utilized as control, in which the primary amino acid sequences had been scrambled. To generate the scrambled sequences, peptides 16 and 17 were re-sampled at random from the sequences of peptides 5 and 10, respectively, using a random number generator from 1 to 8. All peptides described above were commercially synthesized by BioMatik Corporation (Wilmington, DE, USA) to greater than 90% purity, as determined by high performance liquid chromatography (HPLC).
Monitoring peptide antigenicity by indirect ELISA
Peptides were dissolved in PBS with 10 mg/ml BSA and 0.5 mM Phenylmethanesulfongl Fluoride (PSMF). The antigenicity of each peptide was determined using indirect ELISAs. ELISAs using small peptides have previously been used to assess the antigenicity of U1 snRNP proteins (see James and Harley for a representative study). 16 Briefly, peptides were linked, washed and blocked as previously mentioned above. Subsequently, plates were incubated in the presence of a 1:100 dilution of patient or control serum for 1 h at room temperature. The wells were then washed and incubated in the presence of HRP-conjugated anti-human IgG secondary antibody (at a final concentration of 0.2 mg/ml). Wells were exposed to OPD substrate, reactions were stopped with 3M HCl and absorbances were measured at 490 nm on an ELx808 Absorbance Ultra Microplate Reader (Supplementary files 4 and 5). All assays were performed in triplicate. Negative controls, in which BSA/PBS-T took the place of serum, secondary antibody or substrate, were included for each peptide tested. Serial dilutions of antisera ranging from 1:50 to 1:3200 were also used in ELISAs, as described above, to assure that a 1:100 dilution of SLE, MCTD and healthy sera was in the linear range of the indirect ELISA. Positivity cut-off values for each of the peptides included in this study ( Table 2) were determined employing the upper tail of the t-distribution of the healthy sera readings to attain the upper prediction limit ( Table 3 and Supplementary file 6). This method was statistically defined by Frey et al., 17 which is calculated by the following equation: 18 where X is the mean of the healthy sera absorbance readings, SD is the standard deviation, n is the number of healthy samples and t is the one-tailed t-distribution using one degree of freedom. A paired-sample t-test was employed using PASW (version 18) to evaluate differences between mean antigenicity of scrambled versus specific peptides at the 95% confidence interval (CI). ANOVA was performed using PASW to determine whether there were significant differences between the reactivity of the three groups (SLE, MCTD and healthy). Any p-value <0.05 was considered significant. We also used one-way ANOVA and Tukey's post-hoc correction to evaluate differences in peptide reactivity between the different ethnic groups (African American and Latin American). We analyzed the relationship between age and peptide reactivity first using a simple linear regression and also by separating the patients into three age groups (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) and 50 or older) and evaluating differences in age group using a one-way ANOVA. Any p-value <0.05 after Tukey's posthoc correction was considered statistically significant. Receiver operating characteristic (ROC) curves were generated in PASW ( Figure 2 ). The antigenicities of the two peptides with the highest diagnostic power to discriminate between ill and healthy individuals as well as the two autoimmune disorders, as determined by ROC curves, were related to clinical symptoms using a one-way ANOVA with a Tukey's post-hoc test (p < 0.05) in PASW using a given clinical symptom as a grouping variable.
The ability of the peptides to segregate the three sample groups (SLE, MCTD and healthy) was determined using principal component analysis (PCA) ( Figure 3 ) in NTSYSpc (version 2.2). PCA is a multivariate statistical technique that transforms the data to capture the greatest amount of variance in the first coordinate series, known as the first principal component. The statistic then transforms the data to capture the next highest amount of variance in the next principal component, and so on. 19 This results in reduction of noise and clustering of data points that share similar properties. 19
U1 snRNP crystal structure and modeling
The crystal structure of the U1 snRNP was downloaded from the Protein Data Bank (PDB) (PDB ID: 3CW1). 4 To generate a more complete model of the U1 snRNP, regions that are missing from the provided crystal structure were modeled and superimposed onto the empirically-derived U1 snRNP. These segments include the C-terminus of U1C, U1 snRNA stem-loop II and the U1A protein. The three-dimensional model of the U1 snRNA utilized here was developed by Dr Eric Westhof and is freely available online (http://www-ibmc. u-strasbg.fr/upr9002/westhof/). The U1A and U1C proteins were modeled using the I-TASSER server (http://zhang.bioinformatics.ku.edu/I-TASSER/). The U1A protein was docked to stem-loop II using the PATCHDOCK server (http://bioinfo3d.cs.tau. ac.il/PatchDock/) based on the known interactions between U1 snRNA and U1A. 20 The solution with the closest match to the empirically derived interaction 20 was selected for superposition with the U1 snRNP crystal structure. Following docking of U1A to stem-loop II, the double stranded portion of stem-loop II was superimposed over the kissing loop fragment corresponding to stem-loop II in the crystal structure 4 using the MatchMaker tool in UCSF Chimera (version 1.3). The U1C top model was then superimposed onto the N-terminal fragment of U1C in the crystal structure using UCSF Chimera. The C-terminus of U1-70K (amino acids 181-437) is also missing from the crystal structure of the U1 snRNP in the PDB; however, the top model of U1-70K from I-TASSER comprises largely low complexity regions which present difficulty in assigning the C-terminal region of U1-70K to a particular area in threedimensional space. As a result, the missing fragment of U1-70K was not included in the antigenicity map of the U1 snRNP.
Generation of U1 snRNP epitope maps
Two epitope maps of the U1 snRNP complex were generated (Figures 4 and 5 ). The first map (Figure 4 ) employed peptides that were gathered from the literature and shown in previous investigations to elicit an autoimmune response in patients with SLE (Table 4 ). 16, [21] [22] [23] [24] [25] [26] [27] The epitope map was created by rendering these previously investigated antigenic U1 snRNP epitopes onto the U1 snRNP crystal structure in red using PyMOL (Figure 4) .
A second epitope map ( Figure 5 ) was also generated using the peptides tested in the present study. The peptides tested in the present work were utilized to develop a heat map of reactivity on the U1 snRNP using the Colorama plug-in for PyMOL ( Figure 5 ). First, the peptides studied in the present work were ranked 1 to 15 according to their average antigenicity among SLE patients. Peptides were then given a percentile score relative to their rank. The heat map is on a color scale from blue to red, with blue being the least antigenic of the peptides tested, white in the middle and red the most antigenic ( Figure 5 ). Peptides ranked from the 0 to 50th percentile are blue to white while those that are in the 51st to 100th percentile are igure 5 A heat map of the U1 snRNP reveals a small subset of highly antigenic regions. The relative antigenicity of each peptide was plotted onto the crystal structure of the U1 snRNP and a heat map was generated. Peptides with antigenicities ranging from the 0th to the 50th percentile are colored from blue to white while those in the 51st to 100th percentile are colored from white to red. The main structural subunits of the U1 snRNP (U1A, U1C, U1-70K and the Sm core) are designated. Peptides were assigned arbitrary numbers from 1 to 17. Peptides 5 and 14 correspond to C-terminal fragments of U1-70K, a region that was not included in the U1 snRNP crystal structure. As a result, these peptides are separated from the U1 snRNP in the figure. white to red. Peptides were assigned the appropriate series of values in the RGB color scheme for each of the three colors based on their relative percentile rank and plotted onto the U1 snRNP model using the Colorama plug-in for PyMOL ( Figure 5 ).
Results
To investigate the relative autoantigenicity of specific segments of the U1 snRNP in individuals with SLE and MCTD, a series of 15 peptides were *Whole protein epitope mapping was done using overlapping peptides, but only those peptides that were previously determined to be the most antigenic are indicated here.
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synthesized and tested with ELISAs using a cohort of 69 SLE and 29 MCTD patients. All patients had been clinically diagnosed with either SLE or MCTD prior to the current study following the American College of Rheumatology (ACR) criteria for the clinical classification of lupus and the Alarcon-Segovia criteria for the clinical classification of MCTD. 14 Two additional peptides (peptides 16 and 17) were also developed as controls in which the amino acid sequence of a peptide from the U1 snRNP had been rearranged at random (highlighted in gray in Table 2 ). Peptide 16 is a scrambled version of peptide 5 from U1-70K while peptide 17 was derived from peptide 10 from the U1A protein ( Table 2 ). The average autoimmune reactivity of peptides 5 and 10 was significantly greater than those of scrambled peptides 16 and 17, respectively, in patients with SLE (p ¼ 0.001 and 0.01, respectively). Similarly, the reactivity of peptide 10 was significantly higher than scrambled peptide 17 in individuals with MCTD (p ¼ 0.001).
In contrast, the reactivity of peptide 5 was not significantly different from that of scrambled peptide 16 in individuals with MCTD (p ¼ 0.090). Patient and healthy sera were also tested for the presence of U1 snRNP-specific antibodies using commercial ELISAs (performed by Quest Diagnostics Incorporated), a non-commercial ELISA with purified U1-70K antigen and immunoblots to detect U1-70K, U1A, SmB/B' and SmD proteins ( Table 1 ). We used ANOVA to determine whether there was any relationship between the results of these assays and peptide reactivity. Importantly, we found that the antigenicity of some of the peptides is significantly correlated with the results from commercial and noncommercial ELISAs and western blots (p < 0.05).
For example, there is a significant relationship between individuals who have the highest reactivity to the U1-70K peptides (5 and 14) and those who were positive in the non-commercial U1-70K ELISA (p ¼ 0.005 and 0.002 for peptides 5 and 14, respectively) as well as the U1-70K Western blot (p ¼ 0.023 for peptide 5 in SLE patients alone, and p ¼ 0.045 for peptide 14 in SLE and MCTD patients). These relationships were also observed for SmB (p ¼ 0.003 when comparing peptide 6 to the non-commercial SmB/B' Western blot). The same comparisons could not be made with the commercial RNP ELISA due to the high number of RNP-positive samples in the dataset (79.3% of SLE and 100% of MCTD patients).
Total IgG concentration in sample sera does not correlate with reactivity to U1 snRNP peptides
The IgG concentration in each sample was assessed by direct ELISA (Supplementary files 2 and 3) . Considering that the samples from SLE and MCTD patients have higher levels of total IgG, it is possible that the increased response to the U1 snRNP peptides is simply due to the increased IgG in the serum. Purified human IgG (Invitrogen) exhibits a strong linear relationship with peptide reactivity (R 2 ¼ 0.9783) (Supplementary file 7) . Similarly, healthy individuals also display a moderately strong relationship between total IgG concentration and peptide reactivity (R 2 ¼ 0.5386) (Supplementary file 7) . Yet, in stark contrast to the non-specific, purified IgG and the samples from healthy volunteers, there is a very weak correlation between total IgG concentration and reactivity to the U1 snRNP peptides in SLE and MCTD samples (R 2 ¼ 0.1867 and R 2 ¼ 0.2013, Healthy  SLE  MCTD  Healthy  SLE  MCTD  Healthy  SLE  MCTD  Healthy  SLE  MCTD  Healthy  SLE  MCTD  Healthy  SLE  MCTD  Healthy  SLE  MCTD  Healthy  SLE  MCTD  Healthy  SLE  MCTD  MCTD  MCTD  MCTD  MCTD  MCTD  MCTD  Healthy  Healthy  Healthy  Healthy  Healthy  Healthy  Healthy  SLE  SLE  SLE  SLE  SLE  SLE   P1  P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14 respectively) (Supplementary file 7) , which suggests that the significantly higher response to the peptides in the SLE and MCTD groups is not the result of increased total IgG in the serum.
Individuals from different demographic groups exhibit variability in their responses to U1 snRNP autoantigens Previous research indicates that autoantigenicity is higher in certain demographic groups, including women 28 as well as the African American and Hispanic/Latin American populations. 29 Interestingly, in this study 98% of the SLE and MCTD sub-groups are women. The cohorts were also separated into two sub-populations based on ethnicity (African and Latin Americans) to determine whether these sub-divisions display significantly different reactivity to the 15 peptides ( Figure 6 ). As expected, individuals (SLE, MCTD and healthy) who classified themselves as African American exhibited significantly higher antigenicity to the U1 snRNP peptides than those who categorized themselves as Latin American (p < 0.0001). In addition, the reactivity of almost all the peptides was significantly higher in individuals who called themselves African American compared with those who thought of themselves as Latin American (Figure 6 ). We also investigated whether there was any relationship between age and peptide antigenicity as measured by indirect ELISA. To do this, we used a simple linear regression to observe whether age correlated with antigenicity. We also divided the samples into three age groups (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) , and 50 or older). The youngest age group (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) exhibited significantly higher average peptide reactivity (p < 0.05) compared to both the other age sub-divisions in the healthy and MCTD populations. In the SLE patients, the youngest age group displayed significantly higher average peptide reactivity (p ¼ 0.004) than the oldest age group (! 50 years old) (data not shown).
An epitope map of the U1 snRNP
Epitope maps generated with previously reported peptides (Table 4) , as well as the 15 peptides assayed here, reveal autoantigens of varying structure and position in the U1 snRNP complex (Figures 4 and 5, respectively) . Interestingly, there is no apparent bias for epitopes to conform to a particular structure, with loops, b-strands and sheets and a-helices all targeted by autoantibodies; however, many of the segments of SmB, D1, D2 and D3 that share similar folds are antigenic.
As expected, most of the U1 snRNP antigenic sites reside on the surface of the complex ( Figure  4 ). For example, the alpha helical segment of U1-70K (residues 63-84) that passes along the edge of stem-loop I, the C-terminal helix of U1C (residues 57-60) and the N-terminal (residues 30-41) and C-terminal (residues 111-114) loops of SmD2 are highly exposed (boxes in Figure 4 ). Conversely, several epitopes may be accessible as monomers, but appear unreachable by autoantibodies in the context of the U1 snRNP complex (Figure 4 ). For example, the RNA binding domains of U1A (residues 35-59) and U1-70K (residues 139-151) become buried upon binding to U1 snRNA (indicated by arrows in Figure 4 ), but remain antigenic. Three additional antigenic sites within the loop formed by the Sm core through which the stem of U1 snRNA stem-loop IV passes are also exposed as monomers, but inaccessible when bound to U1 snRNA.
The average antigenicity for each of the 15 peptides tested here was mapped onto the U1 snRNP and a second heat map was generated ( Figure 5 ). Peptides 5 and 14 (amino acids 337 to 344 and 325 to 332 from the U1-70K, respectively) are missing from the recently generated U1 snRNP crystal structure. 4 As a result, these peptides could not be placed within the context of the U1 snRNP; yet, they were modeled using I-TASSER and the conformation and antigenicity of both peptides are shown in the box at the bottom of Figure 5 . The two most antigenic peptides are from amino acids 66 to 73 and 90 to 97 of the U1C protein while the least antigenic is from residues 178-185 of the U1A protein (Table 2) . Surprisingly, 11 out of 15 peptides ranked below the 50th percentile of relative antigenicity, with just four peptides (peptide 4 from U1C, peptide 5 from U1-70K, peptide 6 from SmB and peptide 15 from U1C) above the 50th percentile relative to peptide 15 from the U1C protein (Table 2 ). These data suggest that while most of the peptides tested from the U1 snRNP are mildly to moderately antigenic, a subset of sites on the complex elicit a very strong autoimmune response in patients with SLE and MCTD ( Figure 5 ).
Most of the sites that were selected by the BepiPred 1.0 server are on the surface of the U1 snRNP crystal structure, with the exception of peptides 7, 8, 12 and 15 (SLE observed antigenic ranking of 12, 5, 15 and 1, respectively, in Table 2) , which appear to be more buried in the snRNP complex ( Figure 5 ). As indicated in the epitope map that was generated using previously published peptides (Figure 4) , the antigenicity of a subset of peptides is not solely dependent on its overall accessibility in the context of either proteins as monomers or the entire U1 snRNP. A striking example from the current dataset is peptide 9 from SmF, which is perhaps the most exposed and accessible epitope of the peptides tested in the present study ( Figure 5 ). This peptide ranks fifth in observed antigenicity for SLE among the 17 peptides (15 U1 snRNP peptides and two scrambled) ( Table 2) . Furthermore, peptides 4 and 15 from U1C are among the most antigenic for both SLE and MCTD, but appear to be more buried within the U1 snRNP ( Figure 5 ). Although our modeled region of U1C places peptide 15 internally in the context of the U1 snRNP, the crystal structure positions the amino acids directly to the N-terminus of this protein away from the complex, which would greatly increase the accessibility of this peptide.
U1 snRNP peptides as diagnostic markers for SLE and MCTD
Both SLE and MCTD patient populations demonstrate highly variable reactivity to the peptides derived from U1 snRNP proteins. A PCA reveals that while there are typically much higher responses from SLE patients, moderate titers from individuals with MCTD and lower reactivity from healthy volunteers, the wide ranges observed for each group allow for considerable overlap (Figure 3) . Generally, the reactivity of the MCTD population falls between the SLE and healthy groups, making it difficult to distinguish the three populations. Although the peptides as a group are able to separate the SLE, MCTD and healthy populations (see the discussion on ROC curves below), the discrimination becomes much less clear at the level of the individual. Considering the significant relationship between ethnicity and autoantigenicity, we also postulated that ethnicity would not effectively segregate the three groups (SLE, MCTD and healthy) in a PCA. As expected, PCAs performed using ethnicity as a grouping variable did not effectively separate the samples into distinct groups (data not shown).
In an effort to further understand which peptides may be the most useful in delineating the three clinical sub-divisions, ROC curves were constructed for each peptide (Figure 2) . ROC curves represent a graphical plot of the relationship between the sensitivity and specificity of a given diagnostic marker (in this case, each of the peptides). A perfect prediction would correspond to a point in the upper left corner of the graph, representing the coordinates 0, 1, which indicates perfect sensitivity (no false negatives) and specificity (no false positives). The area under the ROC curve, represented as a number from 0 to 1, indicates the probability that a peptide will correctly predict a randomly chosen individual with SLE or MCTD as positive for the illness compared with a randomly chosen healthy individual. As illustrated in Figure 2 , all but two of the peptides (P2 and P9) are able to significantly distinguish SLE and MCTD samples from healthy samples (p < 0.05); however, the peptides are unable to significantly separate individuals with MCTD from those with SLE ( Figure 2C ). Peptide 5 (U1-70K) is the best at predicting which samples are in the SLE group from healthy samples and the second best at separating MCTD from healthy samples (p ¼ 0.0001). Peptides 2 (SmE) and 9 (SmF) were the worst predictors of the autoimmune diseases (Figure 2, A and B , respectively) and ranked 13th and 17th, respectively, among SLE patients and 5th and 13th, respectively, among MCTD patients (Table 2 ). While all of the peptides are significantly strong predictors of autoimmune illness with the exception of peptides 2 and 9 for MCTD, none are capable of significantly segregating SLE from MCTD (p < 0.05) ( Figure 2C) . Interestingly, however, peptides 1 and 13, both from the U1A protein, are the two best predictors of SLE vs. MCTD (p ¼ 0.167 and p ¼ 0.206, respectively) ( Figure 2C ). Although the ROC curves illustrate the weak capacity of any of the peptides to discriminate between the two disease states ( Figure  2C) , the current study indicates that U1A may be the most likely U1 snRNP protein to contain one or more sites that will enable the two diseases to be significantly distinguished.
Correlation of peptides 4 and 5 with clinical symptoms in both groups of patients
As determined by the ROC curves, the two peptides with the greatest statistical ability to properly distinguish individuals with one of the two autoimmune diseases from healthy volunteers were peptides 4 (U1C) and 5 (U1-70K) ( Figure 2, A  and B, respectively ). These peptides were tested for correlations with all of the observed clinical symptoms in both patient groups using a one way ANOVA and corrected by Tukey's post-hoc test (p < 0.05). Only samples in which both antigenicity and clinical data were available were used in the comparisons (data not shown). Surprisingly, none of the clinical symptoms were statistically correlated with reactivity to the peptides. It is possible that the relatively low sample sizes (less than 20 per group in some cases) compromised the robustness of the statistical analyses.
the previously described antigenic sites that are highly accessible on the U1 snRNP assembly.
Perhaps more interesting is that some exposed structural elements on the U1 snRNP are not antigenic ( Figure 5 ). In particular, the N-terminal region of U1-70K that contacts SmB and SmD2 is particularly exposed, but has not yet been identified as an autoantigenic site. Amino acids within SmB and SmD2 that contact U1-70K are also not antigenic, nor are areas of contact between Sm proteins, with the exception of a portion of SmD1 (residues 66-76) that contacts the SmD2 protein. The observation by McClain and colleagues 27 that antigenic regions within Sm proteins are distinctly segregated from residues necessary for protein-protein interaction is recapitulated and further supported in the U1 snRNP crystal structure.
The epitope maps also indicate that autoantibodies may recognize subcomplexes of the U1 snRNP. For example, autoantibodies have been detected in some SLE patients that are directed against conformational epitopes of the U1C-Sm complex. 32 These antibodies are thought to stabilize the U1C-Sm interaction and may inhibit proteolysis and subsequent presentation of Sm epitopes to B cells. 32 Similarly, patients with high anti-Sm titers recognize Sm E-F-G trimeric complexes. 11 Furthermore, many of the sites necessary for protein-protein interactions within the U1 snRNP, such as the ones involving U1-70K and SmB and D2 as well as contact points between the Sm proteins, are not antigenic. The finding that autoantibodies against protein-binding amino acids are not abundant was first reported by McClain et al. 27 in the context of Sm dimers. Our results support the findings that autoantibodies may target U1 snRNP subcomplexes, with most antigenic sites positioned away from areas of protein-protein association ( Figure 5 ), likely the result of inaccessibility as a potential antigen.
While there is a tendency for autoantibodies to target residues involved in protein-protein interactions, the epitope maps generated in the present work indicate that this is not the case with sites that are necessary for protein-RNA associations. For example, the RNA binding domains of U1-70K and U1A, as well as the regions of several Sm proteins that contact the stem of stem-loop IV, are all antigenic targets (Figure 4 ). In fact, some have suggested that U1 snRNA may contribute to the antigenicity of U1-70K through innate immunity signaling. 33 These, and other sites, may also become accessible upon apoptosis-induced cleavage by caspases or other proteases. In fact, there is considerable evidence that increased proteolytic cleavage and other apoptotic modifications of U1 snRNP proteins may create novel autoantigens. 9, 11, 13, 34 For example, the RNA binding domain of U1-70K becomes exposed and elicits a strong immune response following apoptotic cleavage. 13 This may explain why the inaccessible RNA binding domain of U1-70K is so antigenic despite its internal position in the context of the U1 snRNP.
It is noteworthy that peptide 4 from U1C elicits the strongest response in both SLE and MCTD patients of the group of 15 U1 snRNP peptides tested ( Figure 5 ). To our knowledge, there is no precedent for higher reactivity against U1C epitopes than U1-70K or the Sm proteins in both disease types; however, this peptide is highly proline-rich, a characteristic that is common to previously analyzed autoantigenic epitopes. 25, 35, 36 Hoet and colleagues 37 also found two U1C epitopes using combinatorial human antibody libraries. The antigenic sites were localized to amino acids 30-63 and 98-126 of U1C. 32 These regions are just a few amino acids away from each of the two highly antigenic U1C peptides tested here ( Table 2) .
It is not surprising that peptides from the U1-70K protein are among the most antigenic of the 15 U1 snRNP peptides tested in the present investigation ( Figure 5 and Supplementary file 5). Autoantibodies against the U1-70K molecule are observed early in the onset of rheumatic diseases including SLE and MCTD, and are known to contribute to progression of these illnesses through epitope spreading. 25, 38, 39 Our findings support these previous investigations and indicate that the presence of autoantibodies directed at U1-70K may be useful in diagnosing whether an individual has either of these two autoimmune inflammatory illnesses.
The current study highlights the complex nature of autoantigens on the U1 snRNP. While many U1 snRNP epitopes represent surface structures, there also appear to be additional elements that contribute to the autoantigenicity of a given protein fragment, including conformational epitopes made up of multiple proteins, autoantigens derived from RNA-protein complexes and/or epitopes formed by way of apoptosis-induced proteolytic digestion. In addition to the characteristic intricacy observed among autoantigens, a wide range of antigenicity also exists among patients and even within individuals at different times. Furthermore, the substantial overlap in antigenicity between the SLE and MCTD groups precludes the ability of any peptides used in the present study to effectively partition the two disease states. Taken together, these data underscore the multiplicity of dynamic and often confounding qualities inherent in autoimmune illnesses.
